This paper describes the analysis, simulation and testing of a microengineered motion-driven power generator, suitable for application in sensors within or worn on the human body. Micro-generators capable of powering sensors have previously been reported, but these have required high frequency mechanical vibrations to excite a resonant structure. However, body-driven movements are slow and irregular, with large displacements, and hence do not effectively couple energy into such generators. The device presented here uses an alternative, non-resonant operating mode. Analysis of this generator shows its potential for the application considered, and shows the possibility to optimise the design for particular conditions. An experimental prototype based on a variable parallel-plate capacitor operating in constant charge mode is described which confirms the analysis and simulation models. This prototype, when precharged to 30 V, develops an output voltage of 250 V, corresponding to 0.3 J per cycle. The experimental test procedure and the instrumentation are also described.
Introduction
Several examples of motion-driven micro-generators capable of powering microelectronic circuits have been reported [1] [2] [3] [4] [5] [6] [7] . Some potential applications for micro-generators are wearable, medical electronics and remote sensing. These generators can break the finite energy restriction of battery powered devices by harvesting energy, in the form of motion, from their environment. The reported examples use a mass-spring system which resonates when the frame of the device is vibrated. The motion of the mass relative to the frame is damped by one of several energy conversion mechanisms, namely electromagnetic force [1, 2, 5] , electrostatic force [3, 7, 6] , or piezoelectric force [4] . The different force-movement characteristics of these conversion mechanisms give different operating characteristics for the generators [8] . Thus, there are velocity-damped resonant generators (VDRGs) based on electromagnetic damping, and Coulomb-damped resonant generators (CDRGs) based on electrostatic damping. Each form of generator suits a particular type of operation and each can be optimised to some extent to match given operating conditions. The resonant nature of these devices gives them some common properties. The generators are most effective when a steady single frequency excitation is available that matches closely the resonant frequency. The desired physical size of micro-generators restricts the resonant frequency to above the order of 100 Hz. A vibration source such as engine vibration would fall into this range and is thus a suitable source for such a resonant generator. Further, higher frequency vibrations are small in amplitude, and the resonant action amplifies this so that larger displacements can be used in the damping mechanism.
Whilst there are clear advantages in eliminating battery storage or wired power connections from wearable and implantable electronics, these applications present a particular challenge for energy harvesting. The motion of limbs or the cardio-vascular system are at low, non-constant frequency, and it is not feasible to construct a highly miniaturised mechanically resonant structure for operation at circa 1 Hz as required. Further, the amplitude of body-driven motion of the frame is likely to be larger than the displacement limit of the mass within the frame (given a MEMS implementation), so resonant amplification is not possible. Thus, a non-resonant motion of the mass is required, and this should ideally be obtained without a sprung suspension, as any spring force may easily overwhelm inertial forces. Fig. 1 shows a generic model for the generators, with x(t) and y(t) giving the absolute motion of the proof mass and the frame, respectively, z(t) the internal (relative) motion, and Z l the maximum internal displacement. The mass, spring and energy extracting damping force are represented by m, k and f , respectively. In [8] , detailed analyses and comparisons are presented of the VDRG and CDRG, and of a third generator type, the non-resonant Coulomb-force parametric generator (CFPG). Using this analysis, Fig. 2 has been plotted to show which of three competing architectures yields the greatest power for a range of frame-motion amplitudes Y 0 , for an example of a 0.5 g mass with a maximum internal displacement Z l of 250 m. The two resonant alternatives provide the highest energy for low source amplitudes, the VDRG being best above resonant frequency and the CDRG best just below resonant frequency. Significantly below resonant frequency, or when the frame-motion amplitude exceeds the maximum travel of the mass by one or more orders of magnitude, the CFPG yields the highest energy. This paper reports on the further development of this non-resonant form of generator. Analysis is developed to enable an electrostatic non-resonant generator to be designed and optimised. Fabrication of a prototype generator is described, and verification of the analysis against experimental testing of the prototype is provided. 
Coulomb-force parametric generator
In all three generator architectures, acceleration of the frame by the external system creates a force f on the mass. The product of this force and the relative displacement, f ·z, represents work done on the damper and suspension, and the integral of f · dz over a complete cycle represents the converted energy per cycle. In the resonant cases, the work can be absorbed by the damping mechanism or stored in the spring, from where it can be released to the damper at a different part of the motion cycle. In a non-resonant device, however, work is only done on the damper, so to maximise the output power this damper force should be maximised through the whole of the relative motion. In addition, the damping force must be less than mÿ in order for the mass to break away from the frame. Therefore, the maximum energy can be obtained if the mass moves during the peak of acceleration of the source motion. If this is done, the optimal damping force will be approximately constant at just below mÿ max .
The CFPG is a non-resonant generator and a specific instance of Fig. 1 , where the spring constant k is zero and the damping force f has a constant value, and always opposes the relative motion between the mass and frame. Such a damping force is known as a Coulomb-force (friction between moving surfaces is an example of a Coulomb-force). This constant force can be implemented electrically as the attractive force between parallel capacitor plates moving normally to each other with a constant charge, or by parallel sliding plates (or comb-drive electrodes) operated in constant voltage. The CFPG is not tuned to a resonant frequency; instead energy conversion only starts when the acceleration of the frame is greater than the damping (or holding) force per unit of proof-mass, thus causing the mass to move relative to the frame. The motion is one in which the mass tends to move from one end of the frame to the other at the peak of the acceleration of the frame. If the external motion is harmonic, thenÿ max = ω 2 Y 0 . As shown in [8] , the power generated by an ideal CFPG is the force-distance product for the damper, multiplied by twice the frequency of operation, assuming generation in both directions per cycle, which is given by:
where β, the breakaway factor, is the fraction of the maximum acceleration at which the mass is able to move relative to the frame, and Z 0 is the relative distance moved. An optimal value of β, corresponding to a maximum force-distance product for the damper, should be chosen. As β increases, the maximum distance that the mass moves relative to the frame will decrease. A possible analytic procedure for calculating the optimal value of β is to write the equation of motion of the mass relative to the frame, and by differentiation find the time at which the distance is a maximum because, assuming the damper is realised by a capacitor, this is the point at which the energy stored in it is a maximum and should be extracted. The value could then be substituted into the equation of motion and an optimal force-distance product found. Unfortunately, the derivative with respect to t of the equation of motion has no closed-form solution, and consequently no analytic solution for an optimal β is available. However, some deductions about optimal β can be made by writing the equation of uniformly accelerated motion. In particular, it can be shown [8] that the optimal β value is defined solely in terms of the ratio Z l /Y 0 for sinusoidal input motion.
Time-domain simulations were run for the CFPG, varying β. These show that for small relative displacement limits, the optimal value of β for maximum power generation is that which allows the mass to just move the full distance, 2Z l . For values of Z l /Y 0 above 0.566, β must be lowered more quickly than what is optimal for maximum power generation per stroke if power is extracted in both directions, because of the need to change direction within half a cycle. For Z l /Y 0 above 1.335, this causes the energy per stroke to be less than half that for single-sided operation (power extracted in one direction only), and so single-sided operation gives greater total power. In the single-sided case, although the power stroke can last longer than half a cycle, the mass must return to its starting point within a full cycle for periodic operation, and this requirement limits the β value to 0.34
A plot of optimal β values is shown in Fig. 3 . Fig. 3 (a) shows optimal values for single-sided and double-sided operation, whilst Fig. 3(b) shows the optimal value and operating mode to use, assuming that the device can change between operating in double-sided or single-sided mode.
For comparison, the maximum power for a VDRG, in the case where the maximum internal displacement constrains the available power, is given in [8] as:
where ω c is the ratio of operating to resonant frequency. It can be seen that the power enhancement at resonance 
i.e., approximately the on-resonance value. (For very small ω c values, the motion is not displacement constrained so (2) does not apply, but an equivalent result can be obtained.) Taking the ratio of (1) and (3), we obtain
This indicates that the CFPG can generate more power than resonant generators where the optimal β value is above π/4; this corresponds to a displacement limit Z l /Y 0 of 0.107. The power output for an ideal CFPG is shown in Fig. 4 , normalised to mω 3 Y 2 0 .
Practical constraints
Constant charge and constant voltage mode electrostatic generators have been compared in [3] , where the latter is shown to provide significantly higher output. However, this is based on the assumption that the initial and final capacitances C 1 and C 2 , and the maximum voltage in the system V m , are the limiting factors. In such a case, and assuming
per stroke, while a constant charge device produces only 1/2C 2 V 2 m . However, the ultimate limit is achieved by setting the holding force just below mÿ max as described above, so an optimal device would have a higher starting capacitance in the constant charge case than in the constant voltage case. Furthermore, a higher initial capacitance is easier to achieve for parallel plates pulled apart (which gives constant force in the constant charge case) than for plates sliding over each other, because in the former case a small gap can be set by physical stops, while in the latter case it must be maintained over the whole range of travel by the suspension. High capacitance is also difficult to achieve for comb drives.
With these considerations in mind, a constant charge mode design using parallel plates pulled apart was chosen, with the initial and final separations set by mechanical stops. For such a device, the main constraint on optimal device operation is likely to be the voltage capability of the output side power-processing circuitry. However, it is beneficial to maximise the starting capacitance in order to reduce the voltage at which the correct holding force is obtained, and thus reduce the precharge voltage.
Electro-mechanical simulations
Due to the small quantities of charge involved for power generation in the CFPG, it is important to accurately simulate the electronic components. Parasitic capacitances in the order of 10 pF in the input stage of the control electronics connected to the moving electrode would absorb the charge and cancel out the generating effect of the moving electrode. Similarly, leakage currents would drain the generated energy. Consequently, an integrated electro-mechanical system simulation must be capable of incorporating precise models of specifically designed semiconductor devices, in order to accurately specify the power extraction circuitry. SPICE is well established for this kind of task, and in addition it is capable of modelling a system written as a set of differential equations, and this is the approach that has been taken to produce an integrated electro-mechanical simulation.
One key component required in the simulation of the CFPG is a variable capacitor, which, although not a native SPICE component, can be successfully modelled as a fixed capacitor which models the stored charge and has a separation dependant voltage source. Results of an integrated electromechanical simulation, Fig. 5 , illustrate the operation of the CFPG in single-sided mode, i.e., the only electrostatic force present in the system acts to pull the mass towards the bottom of the frame. Because the simulated device operates at constant charge, the capacitor plate voltage is propor- tional to the relative distance between the moving capacitor plates. In the upper plot the dashed lines show the motion of the upper and lower stops of the generator frame, whilst the solid line shows the absolute motion of the moving plate. The lower plot shows the voltage on the moving plate. The features of precharge, break-away and discharge can clearly be seen. Note that for this optimal trajectory, the relative velocity drops to zero as the top contact is approached.
Test set-up and instrumentation
Fig . 6 shows the experimental setup used for evaluating the prototype generator. The generator and associated electronics were mounted on a shaker table, and the position of this was continually monitored with a linear variable displacement transducer for low frequency motion and an accelerometer for high frequency motion. The shaker was orientated with its axis horizontal to minimise the effects of gravity on the proof mass. Charge was applied to the capacitor plates by means of a variable dc voltage source connected between the grounded bottom electrode and the precharging contact. The moving plate was connected permanently to a voltage probe circuit, and at the position of minimum capacitance to a discharge circuit.
Measurement of the voltage on the moving plate is non-trivial because of the small capacitance of the generator and the relatively low operating frequency. If a dc-coupled amplifier is used, then the input resistance must be sufficiently high to ensure negligible loss of charge from the generator capacitor during the generation cycle. The required input impedance can be estimated by imposing the condition that the time constant of the generator capacitor and the input resistance be at least 100 times geater than the generator period. For a generator with a minimum capacitance of 4 pF and a period of 50 ms, this leads to an input resistance of at least 10 12 . Operational amplifiers with differential input impedances of 10 12 are available commercially [9] , and these allow very large value resistor networks to be used to set the closed loop gain. For example, a simple inverting amplifer arrangement with a 10 12 input resistor and a 10 10 feedback resistor satisfy the biasing requirements and provide a sensible closed loop gain of 1/100. However, the frequency response of such an amplifier is likely to be dominated by parasitic capacitances associated with the large ohmic value resistors. A better approach is to couple the generator voltage into the probe via a capacitor, since it is straightforward to realise a capacitor with a small value compared to the minimum generator capacitance, thereby minimising charge sharing between the generator and the probe, whilst also achieving a leakage resistance 10 12 .
If the first stage of the capacitively coupled probe is a virtual earth amplifer, then the output of this stage will be proportional to the time derivative of the moving plate voltage. A second stage consisting of an integrator can then be used to yield an output proportional to the voltage on the moving plate. A circuit of this type was constructed with an AD549 electrometer amplifer [9] as a first stage. The performance of this circuit is shown in Fig. 7 , showing the excellent tracking properties of the probe for rates of change of voltage of the order of 50 V/ms, similar to the rates found in the device. The integrator on the probe is reset on negative going inputs to minimise drift.
The discharge circuit was a simple inverting amplifier with an input resistance of 50 M and a gain of −1/1000. This allowed an independent measure of the final voltage on the moving plate at the point of maximum travel. The input resistance was chosen to give a discharge transient of around a millisecond that could easily be observed on an oscilloscope alongside the moving plate voltage.
Prototype device fabrication
A hybrid prototype generator has been fabricated and tested, which has allowed the results of the SPICE simulations to be verified. Fig. 8 shows a cross-section of the device, which comprises a silicon proof mass of 0.5 g, supported by flexible polymer membranes, and suspended between a quartz baseplate and a mechanical stop. Deposited gold films on the baseplate and the mass form the fixed and moving plates of the capacitor.
The quartz baseplate was produced by standard MEMS fabrication techniques. First, a quartz wafer was sputter coated with chromium and gold layers which were patterned to form the bottom electrode (fixed plate) which had an active capacitor plate area of 200 mm 2 (allowing for the finite area of the charging contacts). An SU8 photoresist layer was then spun and patterned to give an array of 1.5 m high spacer strips covering the electrode area. These were included to limit the possible contact area between the mass and base-plate, and hence reduce the risk of stiction between these two parts in the event that surface curvature brought them into contact. A 1.5 m thick layer of S1813 photoresist was deposited to form a conformal insulating layer over the electrode and spacer strips. Finally, 6 m high electroplated studs were formed on each side of the electrode. These define the minimum capacitor gap, and provide electrical contacts to the moving plate for pre-charging the device at the position of the maximum capacitance.
The proof mass was formed by stacking together three silicon plates, each 10 mm × 11 mm × 400 m in size, with sputtered gold layers on their upper and lower surfaces. The sides of the stack were also metalised to ensure electrical contact between top and bottom. The suspension consisted of two strips of polyester film, formed into loops. These were bonded on the top of the mass, and also sandwiched between the two lower plates, to form a double flexure suspension at each corner of the mass. The suspension loops were anchored to the baseplate by an adjustable mechanism, allowing a variable amount of pre-loading to be applied. The moving plate was connected to the voltage probe via a thin gold wire, which was bonded to the top surface of the proof mass. A copper mechanical stop was used to limit the travel range of the mass to ∼450 m and to provide an additional contact through which the capacitor was discharged at the position of minimum capacitance.
Results
When the device was mounted on the test rig, the minimum and maximum capacitances of the generator were measured as 15 and 127 pF. The maximum gap was measured as 450 m which would give a minimum capacitance of 4 pF. This suggests that there is an 11 pF parasitic capacitance in parallel with the moving plate, arising from wiring and instrumentation.
The graph of Fig. 9 shows results from a SPICE simulation of the CFPG compared with the measured data from the device. The data of the generator frame position for the simulation and the experimental data have been aligned. For the ideal behaviour of our prototype CFPG, from a 30 V precharge, a discharge transient of 900 V would be observed. When the 11 pF parasitic was added to the SPICE simulation, to yield the results shown in Fig. 9 , the final discharge voltage was found to be 257 V which is in good agreement with the measurements.
The main difference between the simulation and experimental results is the longer transit time of the moving plate seen in the measured data. This may be due to air damping and squeeze film effects between the plates. The slower than expected initial increase in voltage observed also fits this hypothesis. Another important factor is the orientation of the moving plate during transit. The need for a very low stiffness of the suspension in the direction of travel means that high stiffness for other axes is hard to achieve. The most significant unwanted motion appears to be rotation of the moving plate about the in-plane axes, such that it does not remain parallel to the fixed plate during transit. This alters the holding force and consequently the transit dynamics.
The simulation results of Fig. 10 show details of the plate voltage and motion of the mass for parameter values, including parasitics, corresponding to the actual device. Finally, the simulation results in Fig. 11 show the effect of parasitic capacitance on generator performance, and confirms the importance of keeping the parasitics low.
Conclusions
An analysis of the dynamics and the maximum energy yield of three architectures of micro-power generator has shown that a non-resonant structure is the best choice for har-vesting energy from low frequency, large amplitude movements. An electrostatic generator using an un-sprung proof mass with a non-linear movement has been developed and designated a Coulomb-force parametric generator. A CFPG prototype has been implemented using a silicon proof mass of 0.5 g which forms the moving plate of a parallel plate capacitor. The precharging of this capacitor (at minimum separation) sets the frame acceleration at which the mass breaks away and begins to do work. The prototype generates a voltage of 250 V from a pre-charge of 30 V. Analysis has shown that control of the pre-charge voltage can be used to optimise the break-away condition so as to maximise the energy harvested. This analysis has been verified against a simulation model and the experimental results. The simulation model includes parasitic components in the system as these can have a large influence on the energy recovered from the very small charges involved. A.S. Holmes received the BA degree in natural sciences from Cambridge University, UK in 1987, and the PhD degree in electrical engineering from Imperial College London, UK in 1992. He is currently a senior lecturer in the Optical and Semiconductor Devices Group, Department of Electrical and Electronic Engineering, Imperial College London. His research interests are in the areas of micro-power generation and conversion, MEMS devices for microwave applications, and laser processing for MEMS manufacture.
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